We report molecular evidence that ammonia-oxidizing archaea (AOA) occur in activated sludge bioreactors used to remove ammonia from wastewater. Using PCR primers targeting archaeal ammonia monooxygenase subunit A (amoA) genes, we retrieved and compared 75 sequences from five wastewater treatment plants operating with low dissolved oxygen levels and long retention times. All of these sequences showed similarity to sequences previously found in soil and sediments, and they were distributed primarily in four major phylogenetic clusters. One of these clusters contained virtually identical amoA sequences obtained from all five activated sludge samples (from Oregon, Wisconsin, Pennsylvania, and New Jersey) and accounted for 67% of all the sequences, suggesting that this AOA phylotype may be widespread in nitrifying bioreactors.
Nitrogen discharges into the environment pose multiple threats to ecosystem health, including toxicity (NH 3 ), oxygen depletion (NH 4 ϩ , NO 2 Ϫ , and organic N), and stimulation of algal blooms (NH 4 ϩ , NO 2 Ϫ , NO 3 Ϫ , and organic N) (23) . To prevent these adverse impacts, wastewater treatment plants (WWTPs) use bioreactors to oxidize ammonium to nitrate, and, where nitrate removal is also required, design features for denitrification are also included (12) . Nitrification, the key and often rate-limiting step in N removal (23) , entails the two-step microbial oxidation of ammonia to nitrate via nitrite. The two steps are catalyzed by chemolithotrophic ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria. While some heterotrophic bacteria (18) and anaerobic ammonia-oxidizing (anammox) bacteria (19) oxidize ammonia, AOB are thought to be largely responsible for the oxidation of ammonia in WWTPs (and natural environments). In particular, members of the betaproteobacterial genera Nitrosomonas and Nitrosospira are thought to be the most important AOB in activated sludge (11) .
Recently, however, it was discovered that autotrophic oxidation of ammonia is not restricted to the domain Bacteria. Könneke et al. (8) isolated an ammonia-oxidizing archaeon (AOA) named Nitrosopumilus maritimus from the rocky substratum of a tropical marine aquarium tank. N. maritimus is the first cultivated representative of the ubiquitous marine "group 1" Crenarchaeota and, like AOB, grows chemolithoautotrophically by oxidizing ammonia to nitrite under mesophilic conditions. In addition, N. maritimus contains putative genes for all three subunits (amoA, amoB, and amoC) of ammonia monooxygenase, the key enzyme used for bacterial ammonia oxidation. Thus, a critical link connecting archaeal ammonia monooxygenase genes originally identified through metagenomic studies and the process of aerobic ammonia oxidation has now been established (15, 22, 24) . Treusch et al. (22) recently demonstrated the presence and expression of archaeal amoA genes in soil, while Francis et al. (5) demonstrated the ubiquity of AOA in marine and estuarine sediments, as well as in oxic and suboxic water columns. Considering that domestic wastewater contains 1 to 2 mM ammonium (ϳ25 mg N/liter) along with ϳ1 mM N as organic nitrogen (ϳ15 mg N/liter) (20) , it seemed possible that activated sludge bioreactors could also harbor AOA.
Accordingly, in this paper, we summarize the results of a search for archaeal amoA gene sequences in activated sludge bioreactor samples using a PCR primer set specific for the archaeal amoA gene (5) . Below we describe the discovery of sequences that are most closely related to AOA sequences previously recovered from samples from sediments and soils. This is the first evidence that AOA occur in activated sludge bioreactors and opens avenues for study of AOA abundance and activity in activated sludge bioreactors, the largest application of environmental biotechnology.
WWTP description and sample collection. Activated sludge samples were collected from nine WWTPs (Table 1) where nitrification was active. The Palo Alto WWTP employs a trickling filter followed by an aerated bioreactor for organic compound removal and nitrification (http://www.city.palo-alto.ca.us /depts/pubworks/waterquality/index.html). The San Jose WWTP is equipped with a four-stage process (anoxic-aerobic-anoxicaerobic) that simultaneously removes organic compounds and nitrogen. The Dane-Iowa, McMinnville, Hammonton, Chalfont, American Bath, and Evesham WWTPs operate with the aerated-anoxic Orbal process (4), while the Chambersburg WWTP operates with a variation of the Orbal process called the VLR process (17) . In these processes, oxygen is supplied to the anoxic tank at a rate that is less than the oxygen uptake rate, resulting in extremely low dissolved oxygen (DO) concentrations (Ͻ0.2 mg/liter) and enabling simultaneous nitrification and denitrification (4, 10) . Grab samples were collected from the aeration basin of the Palo Alto WWTP, from the second aerobic stage of the San Jose WWTP, and from the end of the third channel in all aerated-anoxic plants. All samples were immediately frozen before transport to the laboratory. In addition, for comparison, duplicate sediment samples were collected from two sites in South San Francisco Bay; site C1 was located near the outfall from the Palo Alto WWTP, while site CR was located nearby but was relatively unaffected by the treatment plant outfall (data not shown). All samples were stored at Ϫ80°C until DNA extraction.
DNA extraction, PCR, cloning, and sequencing. Genomic DNA was extracted from 1.5 ml of activated sludge or 0.25 g of sediment using an UltraClean soil extraction kit (Mobio Laboratories, Solana Beach, CA). Approximately 20 to 50 ng of genomic DNA was used for each PCR. Archaeal amoA gene fragments (635 bp) were PCR amplified using primers Arch-amoAF (5Ј-S TAATGGTCTGGCTTAGACG-3Ј) and Arch-amoAR (5Ј-GC GGCCATCCATCTGTATGT-3Ј), as previously described (5) . Duplicate PCR products were pooled and purified by gel electrophoresis using a QIAEXII gel extraction kit (QIAGEN Inc., Valencia, CA). The purified PCR products were cloned using the pGEM-T Easy vector system (Promega, Madison, WI). For each library, 10 to 20 clones were randomly selected for sequencing with the SP-6 primer using ABI 3100 and 3730 capillary sequencers (PE Applied Biosystems). To screen samples for the presence of AOB, bacterial amoA genes were amplified as previously described (13), but the products were not cloned or sequenced.
Phylogenetic and statistical analyses. To generate the phylogenetic tree in Fig. 1 , archaeal amoA sequences were aligned using ClustalX, version 1.83 (21) ; in this analysis we included 30 representative activated sludge sequences, 9 sequences from South San Francisco Bay sediments, and 46 sequences from the GenBank database. A neighbor-joining tree (14) was generated, and a bootstrap analysis was performed using the same software with 1,000 resampling trials. For comparison, parsimony and maximum likelihood trees were generated using PAUP (version 4.0b10). Archaeal amoA-based richness was estimated (using the Chao1 richness estimator) and operational taxonomic units (OTUs) were defined at multiple cutoffs using the DOTUR program (16) . To facilitate comparison with archaeal amoA sequences obtained from natural environments (5), 2% and 5% nucleotide cutoffs were used to define OTUs.
Distribution and diversity of AOA in activated sludge. Activated sludge samples from nine geographically distributed WWTPs in which nitrification was active were investigated to determine the presence of AOA (Table 1) . We retrieved a total of 75 archaeal amoA sequences from five of these plants (Chambersburg, Dane-Iowa, McMinnville, Hammonton, and Chalfont), all of which utilize the aerated-anoxic process (see below); archaeal amoA sequences were not detected in the other four bioreactors analyzed. The activated sludge amoA sequences exhibited 69 to 87% and 79 to 96% identity with the N. maritimus amoA sequence (GenBank accession number DQ085098) (8) at the nucleotide and amino acid levels, respectively. For the 75 archaeal amoA sequences recovered from the activated sludge bioreactors, 11 and 9 unique OTUs were observed at the 2% and 5% nucleotide cutoffs, respectively. The Chao1 richness estimates (3) for the various WWTPs ranged from 2 to 8 OTUs per sample at the 2% cutoff (and from 2 to 4 OTUs at the 5% cutoff), which is on the low (5); water columns (Sargasso Sea [24] ; BS, MB, and ETNP [5] ); German soil (22) ; and the pure-culture ammonia-oxidizing archaeon N. maritimus (8) . Activated sludge archaeal amoA sequences are indicated by boldface type, and sequences exhibiting Ͼ99% identity are indicated by symbols in parentheses. Distance bootstrap values (above the lines) and parsimony bootstrap values (below the lines) providing Ͼ60% support are indicated at the nodes. The major clusters indicated in this distance tree were also supported using maximum likelihood analysis. end of the range previously observed for water column samples (5 to 37 OTUs) and below the values estimated for soil and sediment samples (11 to 48 OTUs) (5) . Phylogenetic analysis (Fig. 1) revealed that all of the archaeal amoA sequences retrieved from activated sludge samples were most closely related to sequences previously classified as sequences obtained from "sediments" and "soil/sediment" by Francis et al. (5) . Most of the sequences fell in four major clusters (clusters A, B, C, and D); the exceptions were two clones designated MM-20 and CB-9. Cluster A is a well-supported clade (bootstrap value, 100%) comprised primarily of sequences retrieved from sediments of a low-salinity North San Francisco Bay site (SF NB) (5) . Cluster C includes sequences originating from German soil (22) , suboxic Tennessee soil (OKR clones [5] ), and South San Francisco Bay sediment (C1 and CR clones [this study]). Clusters B and D are most distinct from previously reported environmental sequences and may be specific for activated sludge bioreactors. Cluster B sequences are more than 16% divergent from the next closest sequences in the database. The sequence nearest cluster D is MX 4 12 (5), a clone obtained from surface sediments in a heavily nitrogen-impacted coastal bay in Mexico (1) . Although this clone differs by 13% from cluster D, there is strong bootstrap support (100%) for the phylogenetic placement of this sequence. Interestingly, cluster D includes virtually identical (98 to 100% nucleotide identity) clones from all five activated sludge samples, despite the fact that these samples were collected from WWTPs that are widely separated geographically (Table 1 ). In addition, cluster D contains by far the largest number of sequences of the four clusters (comprising 67% of all amoA clones retrieved in this study), suggesting that AOA belonging to cluster D may be widespread in activated sludge bioreactors at wastewater treatment plants.
Despite the presence of the same dominant sequence type (cluster D) at five WWTPs, at least one unique sequence type was recovered from each plant. However, this study was not designed to rigorously identify factors controlling AOA diversity and community composition. The Chambersburg WWTP library exhibited the least diversity, and 18 of 19 clones fell into cluster D. In the Hammonton and Chalfont WWTPs, clones were distributed solely in clusters C and D; the Dane-Iowa WWTP clones were distributed in clusters B, C, and D; and in the McMinnville WWTP, the clones were distributed in clusters A, C, and D. Not all of the activated sludge bioreactor samples examined in this study (Table 1) showed PCR amplification of archaeal amoA. Thus, AOA are either absent or present at levels below the detection levels in some WWTPs, or these plants may harbor additional archaeal amoA sequence types that were not amplified by our primers. Interestingly, although archaeal amoA could not be amplified from the Palo Alto WWTP (despite our screening of AOB-containing samples from 35 weeks of operation), sequences closely related or identical to other sludge AOA sequences (including sequences in cluster D) were recovered from sediments located at the plant's outfall in South San Francisco Bay (site C1 clones). All of the PCR-positive samples were collected from WWTPs operating with aerated-anoxic processes (i.e., the Orbal and VLR processes [17] ), in which extremely low DO concentrations are maintained, enabling simultaneous nitrification and denitrification (4, 10) . Additionally, as shown in Table 1 , AOA-positive samples were collected from WWTPs operating with long re-tention times (Ͼ15 days of solids retention time, Ͼ24 h of hydraulic retention time). Thus, it is possible that either or both of these features (low DO levels and long retention times) facilitate the growth of AOA; however, archaeal amoA could not be amplified from two Orbal plants (American Bath and Evesham). Although some AOB have been reported to have anaerobic metabolism (2) , efficient nitrification in environments with minimal aeration and low DO concentrations (i.e., aerated-anoxic conditions) has long been a mystery (9) . The answer to whether AOA play a role in low-DO nitrification or "nitrifier denitrification" awaits quantitative information regarding the abundance and activity of AOA in these plants. However, it is worth noting that AOA sequences have frequently been recovered from suboxic sediments and water columns, including the Black Sea (5) . It is also notable that bacterial amoA could not be amplified using bacterial amoA primers (13) from the Chambersburg WWTP (data not shown), while archaeal amoA was amplified.
AOA may well play a key role in both nitrogen and carbon cycling in marine water columns, sediments, and soils (5) (6) (7) (8) 22 ). Although we have not yet examined the relative abundance or activity of AOA in activated sludge environments, this study clearly demonstrates the presence of molecular markers for AOA, including an archaeal amoA cluster (cluster D) that may be widespread in activated sludge bioreactors. Most importantly, this study provides a basis for future research on AOA in wastewater treatment bioreactors, including assessment of the relative contribution of AOB and AOA to ammonia oxidation, operational conditions that facilitate AOA growth, and the stability of AOA activity.
Nucleotide sequence accession numbers. The archaeal amoA sequences reported in this study have been deposited in the GenBank database under accession numbers DQ278494 to DQ278568 (activated sludge) and DQ278569 to DQ278592 (sediments).
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